In the wake of global warming and rapid fossil fuel depletion, microalgae emerge as promising feedstocks for sustainable biofuel production. Nile red staining acts as a rapid diagnostic tool to measure the amount of biodiesel-convertible lipid that the cells accumulate. There is a need for the development of a more uniform staining procedure. In its first phase, this study examined the dependence of microalgal Nile red fluorescence (Tetraselmis suecica) in terms of its most pertinent staining variables. A quadratic surface model that successfully described the Nile red fluorescence intensity as a composite function of its variables was generated ( 2 = 0.86). Cell concentration was shown to have a significant effect on the fluorescence intensity. Up to a certain threshold, fluorescence intensity was shown to increase with Nile red dye concentration. In its second phase, the study reviewed findings from previous Nile red studies to elucidate some of the fundamental mechanism underlying the diffusion of Nile red dye molecules into the microalgal cells and their subsequent interaction with intracellular lipids. Through the review process, we were able to develop a simple framework that provided a set of guidelines for the standardization of the Nile red staining procedure across different microalgal species.
Introduction
The rapid depletion of fossil fuels together with the effect of greenhouse gas emissions on global climate change has led to an increased commercial interest in biodiesel. Fatty acid methyl ester (FAME) or biodiesel is commercially produced via alkaline-catalyzed transesterification of lipids with methanol [1, 2] . Microalgae have been recognized as promising feedstocks for biodiesel as they have the ability to grow rapidly and accumulate large amount of lipid (20-50% of dry weight). Since many microalgal strains grow in seawater and can be cultivated on nonarable land, large-scale microalgal production should not diminish environmental resources [1, [3] [4] [5] .
There are, however, various technological and economic obstacles that need to be overcome before large-scale production of microalgal biodiesel can take place. The identification of lipid-rich microalgal species and the optimization of cultivation conditions that lead to maximal lipid content are of critical importance [6, 7] . A simple method for rapid quantification of lipids in microalgal cells is thus needed to facilitate species identification and cultivation optimization.
The traditional method used for microalgal lipid determination involves organic solvent extraction of the intracellular lipid and subsequent gravimetric measurement of the extracted lipid [1] . To analyze the different lipid fractions, the extracted lipid is then subjected to additional processing steps, such as transesterification and chromatographic separation. This traditional method requires not only timeconsuming and labour-intensive manipulations but also a substantial quantity of biomass. In addition, lipid yield obtained from gravimetric measurement is often underreported as the harsh condition used during the lipid extraction procedure can potentially lead to oxidative decomposition of specific lipid components [6, 8] .
Nile red staining has frequently been applied as an alternative method for microalgal lipid determination due to its rapidity, simplicity, and low requirement of biomass 2 International Journal of Chemical Engineering [8] . Nile red is a lipophilic dye whose spectral properties are determined by the polarity of its environment. It emits intense fluorescence in hydrophobic organic solvents and in contact with lipid bodies. On the other hand, in aqueous solutions, its fluorescence is completely quenched. These fluorescence properties made Nile red a natural candidate for lipid staining and quantification [6, 9, 10] .
Even though Nile red staining has been successfully applied for lipid quantification on a number of different microalgal species belonging to Bacillariophyceae and Chlorophyceae classes, the variables that affect the fluorescence intensity have not been investigated at a quantitative level and no kinetic model is yet to be developed [6] [7] [8] [9] [11] [12] [13] [14] [15] [16] . A mathematical model capable of describing the Nile red fluorescence as a function of different process variables (such as dye concentration, staining duration, and temperature) is needed to identify significant variables and to provide insight into the mechanism underlying the lipid/dye interaction.
Factorial experimental design is a powerful tool to determine optimal experimental conditions. Unlike a traditional experimental strategy whereby only one independent variable is changed from one experiment to another, factorial experimental design allows for multiple independent variables to be simultaneously modified from one experiment to another and takes into account all possible combinations of the assigned values of the independent variables. Such a design evaluates the direct and interactive effects of the independent variables on the response variable [17, 18] . Response surface analysis on the factorial experimental design enables the development of a regression polynomial model that describes the response variable as a composite function of the independent variables [17, 19] .
Previous microalgal studies investigating the use of Nile red staining for microalgal application have customized their staining procedures according to their individual purpose [7] [8] [9] [11] [12] [13] [14] [15] [16] , leading to significant difficulties in applying their procedures and comparing their results to other species. Some of these modifications (such as the use of glycerol as a cosolvent) are, however, necessitated in order to improve the dye permeation through the thick and rigid cell walls of certain microalgal species [7] . Because of these divergent literatures, there is currently a need for the establishment of an operating framework that will provide simple guidelines on the optimization of Nile red staining for the various microalgal species. The framework will rule out arbitrary decisions when selecting staining variables and improve the robustness and reliability of the staining method.
This study had dual objectives. The first one was to create a mathematical model that described microalgal Nile red fluorescence as a function of variables of the staining procedure (cell concentration, ultrasonication power, incubation temperature, and Nile red dye concentration). The model would enable the identification of significant variables and elucidate some of the fundamental mechanisms governing lipid/dye interaction. To generate the model, response surface methodology was applied on the results of factorial experiments. The second objective of the study was to develop a simple set of guidelines for the optimization of Nile red staining across various microalgal species. The guidelines would improve the robustness of the staining method across the different species and facilitate a more reliable diagnostic tool for the quantification of biodiesel-convertible lipid in microalgal cells. To create the standardized guidelines, we reviewed findings from previous studies on microalgal Nile red staining and unified them with the insights revealed by our modelling exercise.
Materials and Methods

Strain and Cultivation.
The microalgal strain used in this study, Tetraselmis suecica (TS), was cultivated in an outdoor bag photobioreactor. The species survived well in outdoor conditions and has previously been shown to have high lipid contents [20] . A modified F growth medium (or MF growth medium) was used for microalgal cultivation. The medium was composed of 150.0 mg/L NaNO 3 , 22.7 mg/L Na
, biotin, and thiamine dissolved in synthetic seawater. The photobioreactor held approximately 100 L of microalgal culture and was aerated with compressed air. Cultivation temperature and illumination intensity were dependent on weather conditions. During Melbourne autumn when the cultivation took place, the temperature ranged from 18 to 25 ∘ C at day time and 12-17 ∘ C at night time.
Chemicals and Reagents.
Nile red dye (9-(diethylamino)benzo[a]phenoxazin-5(5H)-one) was purchased from Sigma-Aldrich Pty. Ltd. (Australia). Organic solvents (acetone, isopropanol, and n-hexane) were obtained from commercial suppliers. Nile red dye (0.01 g) was dissolved in 40 mL of acetone to produce a Nile red stock solution (0.25 mg/mL).
Preliminary Nile Red Staining and Lipid Extraction.
Microalgal culture (a total of 2.1 L for all experiments in Sections 2.3 and 2.4) was sampled from the photobioreactor. Nile red stock solution (0.04 mL) was added to 4 mL of the collected microalgal culture in a clear-sided plastic cuvette. The cuvette was inverted several times to ensure thorough mixing. To analyze the development of fluorescence with poststaining time, the fluorescence intensity of the stained mixture was recorded at regular intervals with a fluorescence spectrophotometer (RF-1501, Shimadzu Corporation, Japan) for 30 min at excitation and emission wavelengths of 530 and 580 nm, respectively [7] .
A portion of the microalgal culture was dewatered using a bench-top centrifuge (Heraeus Multifuge 3 S-R, Kendro, Germany) at 4500 rpm for 10 min. The supernatant was discarded and the microalgal paste was rinsed with deionised water to remove residual salts. The resuspended microalgal culture was recentrifuged and the resulting microalgal paste was dried at 60 ∘ C in the oven (Model UNE 500 PA, Memmert GmbH + Co., Germany) for 16 h. From weighing the dried biomass, microalgal cell concentration of the culture used for the above staining was determined to be 0.11 ± 0.005 g dried International Journal of Chemical Engineering 3 microalgae/L feed mixture. A pestle and mortar was then used to grind the dried microalgal biomass into powder. A Soxhlet apparatus was used for complete lipid extraction from the biomass. Description of a typical Soxhlet operation can be found elsewhere [21] . A cellulose thimble containing the microalgal powder was placed inside the extraction chamber of the Soxhlet apparatus. Isopropanol (300 mL) was used to extract the microalgal lipid for 2 h at the rate of 25 refluxes per hour. Once isopropanol was removed from the apparatus, n-hexane (300 mL) was used to extract the microalgal lipid for 1 h at the rate of 43 refluxes per hour. Soxhlet extraction achieved complete recovery of a lipid fraction through continuous reestablishment of lipid mass transfer equilibrium between the biomass and the specific solvent. The sequential use of two organic solvents of opposite polarity (isopropanol was highly polar, while nhexane was nonpolar) in our method ensured the complete recovery of both lipid fractions (polar and neutral) and thus all intracellular lipids from the biomass. At the end of the hexane extraction, the microalgal powder in the thimble was completely bleached while the hexane batch in contact with the powder was colourless, both indicators demonstrating that all of the available lipids in the biomass have been completely extracted. Both hexane and isopropanol phases were combined and transferred to preweighed flasks before being evaporated to yield the extracted lipid. The lipid yield was determined gravimetrically.
Investigation of Nile Red Staining Using a Factorial
Experimental Design. A factorial experimental design was used to evaluate the effect of four independent staining variables (cell concentration, ultrasonication power, incubation temperature, and Nile red dye concentration) on Nile red fluorescence. The reasons for the selection of these variables are elaborated in Section 3. Table 1 shows the different values of the independent variables being investigated. With the exception of cell concentration which only had two values (0 and 0.11 g dried microalgae/L feed mixture), all of the other variables were assigned three distinct levels. Ultrasonication on the feed mixture was carried out at three different power levels (0, 65, or 130 W). The feed mixture was incubated at three separate temperatures (20, 30, or 40 ∘ C), while the amount of Nile red dye added to the feed mixture was varied at the following concentrations: 0, 2.5, or 6.25 g dye/mL culture. A total of forty experiments encompassing the different combinations of the assigned values of the independent variables were performed ( Table 2) .
Factorial Experiments.
The culture collected in Section 2.3 was used for the factorial experiments in this section. To investigate the effect of cell concentration on the Nile red staining efficiency, the experimental design assessed the difference in fluorescence intensity between stained microalgal culture (microalgal cell concentration = 0.11 g dried microalgae/L culture) and stained MF growth medium (microalgal cell concentration = 0 g dried microalgae/L culture). The MF growth medium for the staining experiments was derived by filtering a portion of the microalgal culture sampled above (400 mL) through Whatman number 1 paper (150 mm diameter).
To investigate the effect of ultrasonication power on Nile red staining efficiency, the experimental design evaluated the difference in fluorescence intensity between stained mixtures with intensely presonicated feed mixtures (ultrasonication power = 130 W), mildly presonicated feed mixtures (ultrasonication power = 65 W), or unsonicated feed mixtures (ultrasonication power = 0 W). 125 mL of feed mixture (either microalgal culture or growth medium) was processed with an ultrasonicator (Vibra-Cell Model VCX134PB) manufactured by Sonics & Materials, Inc. (USA). The probe of the ultrasonicator (6 mm in diameter and 113 mm in length) was immersed into the feed mixture to deliver ultrasound at a frequency of 40 kHz and selected acoustic power level (0, 65, or 130 W) for 20 min.
Out of the 800 mL of microalgal culture used for the factorial experiments, 400 mL was used as a feed mixture, while 400 mL was filtered as mentioned above to produce the MF growth medium feed mixture. The feed mixture (either microalgal culture or growth medium) was divided into three and ultrasonicated according to the above description (0 W, 65 W, or 130 W). The sonicated feed mixture was pipetted as 4 mL aliquots into clear-sided cuvettes. Each cuvette was incubated at a select temperature (20, 30, or 40 ∘ C) for 10 minutes in an oven (Model UNE 500 PA, Memmert GmbH + Co., Germany). The sonicated and incubated feed mixture in the cuvette was then stained with Nile red stock solution. The volume of Nile red stock solution added was appropriately adjusted to produce one of the following Nile red dye concentrations: 0, 2.5, or 6.25 g dye/mL culture. The stained mixture was inverted several times to ensure at an excitation wavelength of 530 nm. The fluorescence intensity at an emission wavelength of 607 nm was manually determined from the captured emission spectrum.
Statistical Analysis.
Response surface analysis was applied to the results of the experimental design in Section 2.4.1. In order to describe fluorescence intensity as a composite function of the four independent variables in the experimental design, the observed fluorescence intensities were fitted to the quadratic model:
where is the fluorescence intensity (afu) at excitation wavelength of 530 nm and emission wavelength of 607 nm; 0 is the intercept regression coefficient; is the linear main regression coefficient of the independent variable; is the quadratic main regression coefficient of the independent variable; is the interaction regression coefficient of the independent variable; is the coded value of the independent variable.
In the quadratic model, the values of independent (or input) variables were coded according to the following equation:
where is the coded value of the independent variable ; is the real value of the independent variable ; cp is the real value of the independent variable at the centre point; Δ is the step change of the real value of the independent variable corresponding to a single-unit variation of the coded value of the independent variable . For an independent variable that only has two values (cell concentration in our case), cp becomes the lower value of the independent variable. Table 1 shows the real values of the independent variables and their corresponding coded values.
The regression coefficients of the model were subjected to value tests in order to determine the statistical significance of the main and interaction effects of the independent variables, while overall goodness of fit of the model was evaluated using determination coefficient 2 . 3D response surface plots of fluorescence intensity as predicted by the quadratic model were generated to enable visualization of the complex relationships between fluorescence intensity and the independent variables (in coded values). Statistica Version 9 software package (StatSoft Pacific Pty. Ltd., Australia) was used to carry out all of the statistical works.
Intact Cell Count.
The efficiency of ultrasonication in disrupting microalgal cells was evaluated via reduction in the intact cell counts. A small sample of the microalgal culture (10 L) was collected before and after the ultrasonication processes (0, 65, or 130 W) in Section 2.4.1. Intact cell count was determined with a standard Neubauer haemocytometer under a light microscope (Olympus BX51 equipped with Moticam 1000 camera). For each sample, between 7 and 20 cell counts at different grids in the haemocytometer were carried out. The intact cell counts for samples collected before ultrasonication averaged out at 1,557 ± 837 cells/ L. The degree of disruption or (% of intact cells) for a particular ultrasonication process was calculated according to
where is the average intact cell count of the culture before the ultrasonication and is the average intact cell count of the culture after the ultrasonication.
Results and Discussion
Preliminary Nile Red Staining
Results. Preliminary observation under the microscope indicated that the Nile red dye was able to interact with the intracellular lipid globules within the TS cells. As can be seen in the microscopic images (Figure 1 ), the lipid globules emitted orange/yellow fluorescence upon interaction with the Nile red dye, while chlorophyll emitted a red autofluorescence. 580 nm, resp.) was taken from the work of Chen et al. [7] on Chlorella vulgaris, another green microalgal species. In Figure 2 , fluorescence intensity appeared to increase rapidly in the first ten minutes before eventually reaching a peak at around 15 min. After this optimal time, the fluorescence intensity experienced a slight decline for the rest of the duration in which the measurement was taken. This optimal poststaining time (15 min) fell comfortably within the range generally reported for microalgal Nile red staining (Table 4) . Table 4 is a summary of the optimal parametric values reported by previous microalgal Nile red studies. Based on the table, each microalgal species appears to have its own optimal poststaining time. Such a wide diversity is expected as cell wall thickness varies dramatically between species and fluorescence enhancement is known to be a direct function of how quickly the dye can permeate through the cell wall/membrane to interact with the lipid. The reason for fluorescence quenching after optimal poststaining time is yet to be fully understood. 
Factorial Experimental Design Results
Selection of Optimal Emission Wavelength.
Our preliminary Nile red staining indicated that emission wavelength in the range of 605-610 nm was likely to be a more optimum choice for TS cells than 580 nm (results not shown). For this reason, we examined the fluorescence emission spectra obtained from the factorial design experiments in Section 2.4. Figure 3 shows the fluorescence emission spectra from experiments 29, 2, and 28 (refer to Table 2 for details). To provide a fair comparison, we have selected experiments with the same conditions for ultrasonication power (0 W) and incubation temperature (20 ∘ C). Experiment 2 is the stained growth medium (microalgal cell concentration = 0 g dried microalgae/L culture, Nile red dye concentration = 2.5 g dye/mL culture). Its emission profile showed a peak at 607 nm (fluorescence intensity = 62.07 afu). This peak resulted from the background interaction of the Nile red dye with the salts in the growth medium and had to be taken into consideration when reporting the efficiency of Nile red process in staining microalgal lipids.
Experiment 29 is the stained microalgal culture (microalgal cell concentration = 0.11 g dried microalgae/L culture, Nile red dye concentration = 2.5 g dye/mL culture). In its emission profile, the same peak that appeared in experiment 2 at 607 nm was substantially increased in size (fluorescence intensity = 200.86 afu) as the Nile red dye was able to interact with both the salts in the growth medium and the lipid in the microalgal cells. Based on this emission profile, 607 nm appeared to be the optimum emission wavelength for dye/lipid interaction of our microalgal species (TS). This emission wavelength was thus used for all fluorescence measurements in the factorial design.
Experiment 28 is the unstained microalgal culture (microalgal cell concentration = 0.11 g dried microalgae/L culture, Nile red dye concentration = 0 g dye/mL culture). Even though its fluorescence emission profile expectedly did not have any of the dye peaks at 607 nm, it showed a later peak at 685 nm. We attributed this peak to the autofluorescence of chlorophyll in the microalgal cells. As expected, the chlorophyll autofluorescence peak was also present in the emission profile of experiment 29 (stained microalgal culture) but was absent in that of experiment 2 (stained growth medium). The results of this fluorometric analysis were consistent with our earlier microscopic observations that showed stained lipid globules to be fluorescing at the orange/yellow colour range (560-635 nm) and chlorophyll to be autofluorescing at the red colour range (635-700 nm).
Our excitation and emission wavelengths (530/607 nm) fell within the range generally reported to be optimal for microalgal Nile red staining (Table 4) . Variations in the optimal values of excitation and emission wavelengths are known to depend on the lipid contents and compositions of the investigated microalgal species (refer to Section 3.3). As a general rule, the emission wavelength of lipid fluorescence increases with lipid polarity [10, 14, 15] . Thus, the emission of polar lipids generally peaks in the orange zone (590-635 nm), while neutral lipids have optimal emission fluorescence in the yellow zone (560-590 nm) [14, 15] .
Statistical Analysis.
We now discuss the statistical analysis of the factorial experimental design. Table 1 shows the real and coded values of the independent variables being investigated, while Table 2 lists all of the experiments being carried out under the factorial experimental design matrix together with their observed fluorescence intensities. Based on the above analysis of optimum emission wavelength and poststaining time, fluorescence values of all factorial experiments were captured at 607 nm and 15 min after staining. According to the results of lipid extraction in Section 2.3, the microalgal culture was found to have a cell concentration of 
where is the fluorescence intensity (afu), 1 is the coded value of microalgal cell concentration, 2 is the coded value of ultrasonication power, 3 is the coded value of incubation temperature, and 4 is the coded value of Nile red dye concentration.
The statistical significance of each independent variable on fluorescence intensity was determined via value tests on its linear main, quadratic main, and interaction regression coefficients. The smaller the value, the more significant the corresponding regression coefficient. value < 0.01 indicated the regression coefficient to be statistically significant at 95% confidence level. As can be seen from Table 2 for experimental conditions and observed fluorescence intensity values. Refer to Table 3 for regression coefficients of the quadratic models. Fluorescence intensity was determined at excitation wavelength of 530 nm and emission wavelength of 607 nm.
term of Nile red dye concentration ( value = 5.129 * 10 −7 ), and the linear main term of microalgal cell concentration ( value = 3.523 * 10 −6 ). The main regression coefficients (linear and quadratic) for ultrasonication power and incubation temperature did not show statistical significance over the range investigated. Nile red dye concentration and microalgal cell concentration therefore had more significant effects in changing fluorescence intensity than incubation temperature and ultrasonication power. Among the interaction regression coefficients listed in Table 3 , none of them was found to be statistically significant. Figure 4 compares the values of fluorescence intensity as predicted by the quadratic model (see (4) ) against those observed in the experiments. With a determination coefficient (
2 ) of 0.86, the experimental values were found to be well correlated by the quadratic model. Figure 5 shows two out of six response surface plots of the quadratic model (see (4) ). In each response plot, two independent variables (in coded values) were simultaneously modified to compute the fluorescence intensity.
Effect of Microalgal Cell Concentration.
As previously discussed, fluorescence intensity in the stained growth medium resulted from background dye/medium interaction, while fluorescence intensity in the stained microalgal culture was the combined outcome of dye/lipid interaction and dye/medium interaction. Observed fluorescence intensity for all experiments that stained growth medium (coded value of microalgal cell concentration = 0, coded value of Nile red dye concentration = 0 or 1.5) averaged out at 79.86 ± 29.555 afu, while observed fluorescence intensity for experiments that stained microalgal culture (coded value of microalgal cell concentration = 1, coded value of Nile red dye concentration = 0 or 1.5) averaged out at a distinctly higher value of 133.73 ± 32.559 afu.
The model obtained a positive value (65.95) for the regression coefficient of microalgal cell concentration (Table 3) , thus suggesting the dependence of fluorescence intensity on cell concentration. In a separate experiment where we stained serial dilutions of our microalgal culture (results not shown), we were able to verify the direct dependence of fluorescence intensity on cell concentration of up to 0.11 g dried microalgae/L feed mixture. These findings agree with previous studies that have reported the linear dependence of Nile red fluorescence with cell concentration [6] [7] [8] . This direct dependence was expected as higher cell concentration increased the amount of available lipid per unit volume and led to more frequent dye-lipid interaction.
Effect of Ultrasonication Power.
In these experiments, we were using ultrasonication power as a proxy for the level of cell disruption. Disrupting microalgal cells releases intracellular lipid to the surrounding medium, thus allowing the Nile red molecule to bypass membrane permeation and to directly interact with the lipid.
Ultrasonication of the microalgal culture (coded value of microalgal cell concentration = 1) at 0 W (coded value of ultrasonication power = −1), 65 W (coded value of ultrasonication power = 0), and 135 W (coded value of ultrasonication power = 1) disrupted 0%, 38.5%, and 95.0% of intact cells, respectively. Based on the relatively high values of its main regression coefficients (Table 3) , ultrasonication power was concluded to have little effect on changing fluorescence intensity. This conclusion was verified by the 3D plot in Figure 5 (a), whereby continuous increase in ultrasonication power was not observed to significantly affect the values of the fluorescence intensity.
The lack of correlation between cell rupture and fluorescence intensity suggested that the cell wall/membrane structure of the Tetraselmis strain used for our study was completely permeable to penetration by Nile red dye. Increased cell rupture by ultrasonication released intracellular lipids and improved their accessibility to the dye. This increased access, however, was not needed as our cell wall/membrane structure was completely permeable to the dye and all of the stainable lipids were already successfully stained in the intact cells.
Effect of Incubation Temperature. The relatively high
values obtained for the main regression coefficients of incubation temperature (Table 3 ) indicated that incubation temperature had little influence in changing fluorescence intensity. In Figure 5 (b), a continuous increase in incubation temperature was demonstrated to have little effect on the values of fluorescence intensity. This lack of correlation between incubation temperature and fluorescence intensity was unexpected as temperature increase was anticipated to speed up molecular collisions, facilitated more rapid lipid/dye interaction, and increased rate constant. Perhaps the range of temperature change we selected (between 20 and 40 ∘ C) was not sufficient to effect any noticeable change in fluorescence intensity.
Effect of Nile Red Dye Concentration.
We speculated fluorescence intensity to increase with a rise in the dye concentration. The findings from our statistical analysis, however, demonstrated a nonlinear relationship between dye concentration and fluorescence intensity. Because of the negative regression value (−42.62) of the quadratic main effect for Nile red dye concentration (Table 3) , fluorescence intensity was found to yield a maxima when plotted as a function of Nile red dye concentration ( Figure 5(b) ). At a lower dye concentration, fluorescence intensity increased with dye concentration. This was expected as higher dye concentration would increase the frequency of dye/lipid interaction. Beyond the optimal dye concentration level, however, this trend was reversed and the fluorescence value diminished with dye concentration. The quenching of Nile red fluorescence at very high dye concentration has been reported by several studies [7, 9, 15] . Even though its mechanism is not clearly understood, the phenomenon is often attributed to oligomerization (self-stacking) of the dye. At high concentration, the Nile red dye molecules had a somewhat increased tendency to interact with each other. Because of this self-interaction, the dye molecules started stacking on top of each other on the water/lipid interface and became increasingly unavailable for interaction with the lipid globules. Under our experimental conditions, this optimum dye concentration was found to be 4.69 g dye/mL culture (this was equivalent to 42.6 g dye/mg dried microalgae or 146.6 g dye/mg crude lipid or 3.01 × 10 −6 g dye/cell). As can be seen in Table 4 , previous studies have reported different values for optimal Nile red concentration. The discrepancy between these values can be attributed to the difference in the lipid contents and composition of the investigated microalgal species. Variation in lipid content and composition directly affects the level of Nile red dye needed for lipid saturation.
We carried out a simple staining study of our strain at logarithmic and stationary growth phase to evaluate if the optimized staining procedure can be applied across different physiological states. As they transition through the growth phases (from logarithmic to stationary), microalgal cells experience various biochemical and physiological changes [4] ; the two which appear to be most important for Nile red staining are the increase in the amount of lipid content per unit volume affecting the frequency of lipid/dye interaction and the change in cell wall composition and thickness potentially affecting the ability of the dye to permeate into the cell. We harvested from the photobioreactor at the two different states of the growth phase. To isolate the effect of the change in cell wall/membrane permeability, the samples were concentrated accordingly so that they ended with equal volumetric lipid content after the concentration step. We stained these two samples under several parameters: ultrasonication power at 0 W, incubation temperature at 20-40 ∘ C, and Nile red dye concentration between 2.5 and 6.25 mg dye/L feed mixture. Similar fluorescence levels were obtained for both sets of samples (155.60 ± 28.68 afu for logarithmic phase, 157.52 ± 37.94 afu for stationary phase), suggesting that, within the limit of our experimental conditions, the change in the permeability of cell wall/membrane structure was not statistically significant to affect Nile red staining efficiency. This is consistent with our findings in Section 3.2.4 which seems to suggest the complete Nile red permeability of the cell wall/membrane structure of the Tetraselmis strain used in our study. Nile red staining can thus be used to monitor lipid content of our microalgal strain across different physiological states. Table 4 summarizes the findings from previous studies on microalgal Nile red staining. As shown by the table, there is a significant variability in the range of optimum values found across the studies. Optimum values for the investigated parameters, in particular those of Nile red concentration and staining time, appear to be strongly affected by the microalgal species used in the particular study. This discrepancy is likely to have arisen due to physiological difference in the structure and composition of microalgal cell wall as well as the variation in lipid content and composition between the microalgal species.
Review of Microalgal Nile Red Staining
Findings from Previous Studies.
Two conclusions can be derived out of the variability observed in Table 4 . The first conclusion is that microalgal lipid estimation based on the use of Nile red staining should only be made once the staining method has been optimized for the specific species. Optimization results from a particular species are not universal and should not be directly applied to other species. For example, one species may have an optimum poststaining time of 5 min while the other has an optimum time of 10 min; a general procedure of measuring fluorescence at 5 min after staining based on the optimum time of the first species will result in the underestimation of the lipid content of the second species and lead to the erroneous deduction that the first species contains more lipids than the second.
Because of the wide interspecies variability in the optimum staining conditions, the use of Nile red staining on a particular microalgal species needs to be carefully refined to take into account the specific requirements of the species. Using a single staining protocol over a wide range of species without catering to the need of each species will lead to inaccurate estimation of their lipid contents. Once optimized, however, the staining method can be used as a simple diagnostic tool for monitoring lipid quantity of the microalgal species under various environmental and growth conditions. The second conclusion arising from Table 4 is that there is a critical need for simple operating guidelines that streamline the Nile red optimization process across different microalgal species. By identifying significant variables, the guidelines will help future studies to fine-tune their Nile red staining methods according to the specific needs of their species. This will create a more uniform staining procedure across the different microalgal species, thereby improving the robustness and reliability of the staining method.
Operating Framework for the Optimization of Microalgal
Nile Red Staining. We thus propose the six-step operating framework as shown in Figure 6 as a general set of guidelines when developing Nile red staining procedure for a particular microalgal species.
Step 1 (verification of the lipid content of the microalgal species). Verify the lipid content of the given culture of the microalgal species. A chloroform/methanol/water solvent mixture at 1 : 2 : 0.8 v/v/v [22] or Soxhlet extraction as described in Section 2.3 can be used for lipid extraction. To fractionate the lipid extract to neutral and polar lipid
Step 1: lipid quantification
Step 2: solvent and auxiliary process selection
Is there any fluorescence peak between 570 and 630 nm?
Step 3: optimization of emission wavelength
Step 4: kinetics study (optimization of staining time)
Step 5: optimization of dye concentration
Step 6 fractions, solid phase extraction (SPE) is used. If the lipid content of the culture is less than 3 wt% of the dry biomass, the species is not lipid-rich and the Nile red staining method is unlikely to be sensitive enough to detect changes in its lipid content. All of the subsequent optimization steps are to be carried out with the batch of microalgal culture used for this step.
Step 2 (selection of carrier solvent and the use of auxiliary step). In order to penetrate into the microalgal cell, Nile red dye needs to be dissolved in a relatively polar solvent that is capable of interacting with the polar components of both the cell wall (cellulose) and the cell membrane (phospholipid) [11, 13] . The choice of carrier solvent is therefore critical to the staining protocol. As shown in Table 4 , acetone and DMSO appear to be the most popular choice for carrier solvents.
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Other cosolvents, such as IPA or glycerol, are often added in tangent to the primary carrier solvent in order to further decrease the dye hydrophobicity and improve dye penetration through the cell membrane [13] . Auxiliary method, such as microwave irradiation, applied as either a pretreatment step or poststaining enhancement, has been previously reported to improve the effectiveness of Nile red staining. Microwave irradiation facilitated more rapid dye penetration by increasing molecular collisions and movement speeds between algal cells and dye molecules [11] .
As an initial protocol, we recommend staining the microalgal culture with Nile red stock solution in acetone at 100 : 1 v/v at room temperature (20 ∘ C) for 10 minutes. Use 0.1 g dried microalgae/L culture as cell concentration. The dye concentration in the stock solution should be 0.25 mg/mL (this equates to 2.5 g Nile red dye/mL culture). This set of parameters is a rough average of the optimum parameters reported in Table 4 . For control, stain blank medium under the same parameters. At fixed excitation wavelength (490 nm), perform fluorescence scanning of the emission spectrum between 560 and 635 nm for both the stained culture and the stained blank medium. Similar to Figure 3 , microalgal lipid will form a peak between these wavelengths; this peak should be distinctly larger than the background peak obtained from the medium-dye interaction. If the peak of your stained culture is about the same size as the peak of the stained medium, then the dye has not managed to permeate into the cell. In this case, choose a different carrier solvent (DMSO or DMF) or apply the use of cosolvents/auxiliary process to improve dye penetration. We recommend referring to specific studies listed in Table 4 for the range of cosolvent ratios and arrangement of the auxiliary step [6, 11, 13, 15] .
Step 3 (optimizing emission wavelengths). The interaction of Nile red dye with a specific lipid class emits a distinct fluorescence that peaks at a particular wavelength [11] . As a general rule, the more polar the lipid class is, the more red-shifted (longer wavelength) its emission peak will be. Polar lipids, the primary constituents of cell and organellar membranes, commonly peak between 590 and 635 nm, while neutral lipids globules peak between 560 and 590 nm [8, 9] . It is noted that the division of lipid to neutral and polar is a generalized approach which appears to be the most accurate given our currently limited state of knowledge on microalgal Nile red staining. Microalgal neutral lipid consists of triacylglycerol, diacylglycerol, monoacylglycerol, free fatty acids, various hydrocarbons, sterols, and ketones, while microalgal polar lipid consists of glycolipids and phospholipids [1] . Fluorescence response of each of this lipid subclass to Nile red interaction is yet to be understood and will require further investigation involving multiple standard calibrations.
Even though microalgal lipid constitutes various lipid classes, Nile red stained microalgal cells in general emit a single broad peak between the wavelengths of 570 and 630 nm (Figure 3 ). The peaks of individual lipid classes appear to have aggregated to form a single broad peak [11, 15] . The apex position of this combined peak is, however, dependent on the dominant lipid class, thus leading to the differences in optimum wavelength observed in Table 4 . Microalgal species with a high proportion of neutral lipid will have a peak apex within the yellow colour range (560-590 nm) while those with a significant proportion of polar lipid will have a peak apex within the red colour range (590-635 nm). In our study, our polar lipid seems to predominate, red-shifting our peak apex to around 607 nm. Because lipid composition varies significantly across different microalgal species, the position of the peak apex and thus the optimal emission wavelength cannot be generalized from one species to another. Examine the emission spectrums of the stained microalgal species and determine the exact position of its peak apex before progressing further with the optimization procedure.
Step 4 (kinetic study (optimizing staining time)). As discussed in Section 3.1, the evolution of Nile red fluorescence in microalgal cells as a function of staining time is generally characterized by rapid enhancement followed by steady quenching (Figure 2 ) [15] . The reason for fluorescence quenching with extensive incubation time is not clearly understood. In a couple of studies [11, 15] , however, the fluorescence quenching over time has been attributed to enzymatic degradation of the dye as part of cellular acclimation to the presence of the exogenous stain. For this reason, it is critical that Nile red fluorescence is evaluated at its optimal poststaining time.
The kinetic study should be carried out with the carrier solvent and at the optimal emission wavelength obtained from previous steps. The fluorescence intensity is to be recorded at regular intervals for 30 min after staining. Since most of the species in Table 4 seems to reach their optimal time within 15 min of staining, we recommend frequent measurements within this period (perhaps one reading every minute). Beyond 15 min, the measurement frequency can be lowered to one reading every three minutes.
Step 5 (optimizing dye concentration). As discussed in Section 3.2.5, the evolution of Nile red fluorescence in microalgal cells as a function of dye concentration is also characterized by enhancement followed by quenching ( Figure 5 ) [7, 15, 16] . Quenching at high dye concentration is generally attributed to self-stacking of the dye molecules on the surface of the lipid globules [15] .
Refinement of the dye concentration should be carried out at the optimal emission wavelength and staining time obtained from the previous steps. Given the wide range of optimal dye concentration reported in Table 4 (between 0.25 and 10 g/mL), we recommend a six-point experimental design whereby the amount of Nile red added to the culture is steadily incremented to yield the following final concentrations: 0.25, 0.5, 1, 2.5, 5, and 10 g/mL.
Step 6 (generating calibration curve). A linear calibration curve that correlates the volumetric lipid content of the microalgal species (y g lipid/L culture) with its fluorescence intensity at the optimal staining conditions can now be generated. The curve will enable the direct conversion of Nile red staining results to volumetric lipid content. Using the curve, Nile red staining can be applied as a rapid diagnostic tool for evaluating lipid accumulation of the species at International Journal of Chemical Engineering The calibration curve is now ready to be used for lipid quantification of different cultures of the microalgal species. To find the volumetric lipid content of a particular culture, check the OD of the culture and dilute appropriately until it reaches the OD equivalent to cell concentration of 0.1 g dried microalgae/L culture. Stain the diluted culture using the optimized staining protocol and compare its fluorescence value to the calibration curve.
Proposed Mechanism of Nile Red
Staining. Nile red staining in microalgal cells is a complex phenomenon, the exact mechanism of which is currently still unknown. Based on the findings from this study as well as other previous studies on microalgal Nile red staining, we are able to piece together a possible mechanism for the staining process. We propose the Nile red fluorescence in microalgal cells to be a five-stage process (Figure 7 ).
Stage 1 (dissolution of Nile red dye in the carrier solvent). Since Nile red dye is hydrophobic in nature, it needs to be dissolved in a polar carrier solvent to facilitate cell permeation [11, 13] . Please refer to Table 4 for the list of solvents that previous studies have used and Step 2 in Section 3.3.2 for understanding the factors that need to be considered when selecting a carrier solvent.
Stage 2 (diffusion of dye-solvent complex into the cell). The carrier solvent will interact with the polar components of both the cell wall and the cell membrane. This interaction will enable the dye-solvent complex to diffuse across the cell wall/membrane structure and penetrate into the cell.
Stage 3 (transfer of Nile red dye to the lipid globule). The dyesolvent complex will now diffuse within the cell to find the lipid globule. For simplification, Figure 6 has represented all intracellular lipids as a lipid globule (neutral lipid). We note that the Nile red dye can also interact with polar lipid. The fluorescence that will arise from interaction with polar lipid is, however, of a longer wavelength than that generated from neutral lipid interaction (please refer to Section 3.3.2, Step 3) [14, 15] . Stage 4 (interaction of the Nile red dye with the lipid globule). The dye will bind with the lipid globule to form a dye-lipid complex. As a result of this interaction, the complex is able to absorb blue-green photons (490-530 nm), reach an excited state, and emit photons of lower energy level between 560 and 635 nm (yellow and red). The stronger the interaction between the dye and the lipid is, the more intense the resulting fluorescence becomes. The strength of dye/lipid interaction is a direct function of the amount of lipid, the ratio of Nile red dye to lipid (or Nile red dye concentration), and the poststaining time [7, 8, 11, 15] . Please refer to Section 3.3.2 for the factors that need to be taken into consideration when selecting optimal Nile red dye concentration and poststaining time.
Stage 5 (diffusion of the carrier solvent out of the cell). Residual carrier solvent will now diffuse out of the cell back to the surrounding medium.
Conclusions
In the near future, microalgal biofuel is predicted to play a significant role in the global provision of sustainable energy. A critical understanding of Nile red behaviour as a rapid diagnostic tool for microalgal lipid quantification is needed for the identification of lipid-rich species and the monitoring of lipid content when optimizing growth conditions. Through statistical modelling, this study provided new insights into the behaviour of microalgal Nile red staining. A quadratic model that described Nile red fluorescence intensity in microalgal cells (Tetraselmis suecica) as a composite function of several staining variables (microalgal cell concentration, ultrasonication power, incubation temperature, and Nile red dye concentration) was developed. From the model, Nile red dye concentration and microalgal cell concentration (as a proxy of lipid content per unit volume) were shown to play critical roles in affecting fluorescence intensity. On the other hand, incubation temperature and ultrasonication power were both found to be statistically insignificant. Fluorescence values predicted by the quadratic model were found to be well correlated with the experimental results ( 2 = 0.86). By compiling findings from previous microalgal Nile red research, the study also demonstrated the wide diversity in the staining conditions used across the different species. Using insights gained from this study and previous Nile red studies, we established a simple six-step operating framework for the optimization of Nile red staining procedure across different microalgal strains. The framework enables future studies to accurately and rapidly optimize the staining protocol according to the specific requirements of the species being investigated. This will in turn improve the robustness and reliability of the staining method as a diagnostic tool to measure the amount of accumulated microalgal lipid.
